A quantitative model has been developed for the cooperative oxygenation of human hemoglobin. The model correlates the structural and energetic features of ligandlinked subunit interactions within the tetrameric molecule and the coupling of these interactions to the binding of oxygen and Least squares minimization was used to evaluate from these data the free energies for the various processes. A special feature of the model lies in the synchronization of Bohr proton release with changes in quaternary structure. This leads to the striking prediction that a major fraction (as much as 30%) of tetramers are in the oxy quaternary structure after the first oxygen is bound. The model provides a rationale for the essential features of regulatory energy control, and it defines several kinds of additional information that are needed for a more complete understanding of the hemoglobin mechanism.
Least squares minimization was used to evaluate from these data the free energies for the various processes. A special feature of the model lies in the synchronization of Bohr proton release with changes in quaternary structure. This leads to the striking prediction that a major fraction (as much as 30%) of tetramers are in the oxy quaternary structure after the first oxygen is bound. The model provides a rationale for the essential features of regulatory energy control, and it defines several kinds of additional information that are needed for a more complete understanding of the hemoglobin mechanism.
Cooperative oxygen binding in human hemoglobin is a classic example of the problem of relating structure to function in biological macromolecules. The appeal of hemoglobin as a system in which to study this problem stems in part from the facts that (i) the tetrameric molecule exhibits self-regulation by changing its affinity for oxygen at the four successive binding steps, (ii) structurally the hemoglobin molecule is relatively simple compared with other self-regulating macromolecular assemblies, and (iii) hemoglobin operates essentially as an equilibrium thermodynamic system in vivo, so that the biological processes of interest are purely thermodynamic in character-e.g., the changes in Gibbs free energies of the stepwise binding reactions. The structure-function problem is thus one of relating structural changes to thermodynamic changes and of understanding how these processes are influenced by interactions of the protein with small "regulatory" molecules such as protons, Cl-, C02, and organic phosphates.
Much of the necessary structural information regarding the tertiary and quaternary changes that accompany oxygenation has been provided by extensive x-ray crystallographic studies, beginning with the classic work of Perutz and colleagues (1) . The crystallographic results (cf. ref.
2) have been supplemented by structural studies in solution by extended x-ray absorption fine structure (3), resonance Raman (4), and NMR (5) spectroscopy.
Equally important to an understanding of the cooperative mechanism is a knowledge of the sources and manifestations offree energy change that accompany the functional cycle of oxygenation-deoxygenation. We have carried out an extensive series of studies over the last 10 years aimed at resolving energetic aspects of the hemoglobin mechanism and of correlating the thermodynamic and structural information (cf. refs. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . These studies, and work from other laboratories, have resulted in findings that impose stringent constraints on the nature of interactions responsible for cooperativity. In this paper we present a statistical thermodynamic model that incorporates these recent findings. (For other models of hemoglobin see refs. 11 and 16-23.) An important requirement of structure-energy correlations in macromolecules is that comparably detailed information must exist in both areas for a meaningful correlation to be established. In the past, the structural analyses have provided an admirable wealth of detailed (atomic-level) information, whereas the corresponding development of energetic information has been severely lagging. Thus models based upon detailed structural assumptions-e.g., the Perutz mechanism (21, 22)-have only recently become amenable to critical tests (3) (4) (5) (12) (13) (14) . An example is the detailed model of Szabo and Karplus (23) , which we have now tested against the extensive sets of highly accurate pH-dependent oxygenation data recently obtained (15) . We could find no reasonable set of values for that model's parameters capable of fitting the entire range of experimental data now available (see Addendum).
An appropriate base of information on hemoglobin does not presently exist for an adequate correlation between structural and energetic properties at the atomic level. As a result of recent studies, however, there is now a base of thermodynamic information that is sufficient to define the roles of pairwise intersubunit interactions in mediating cooperativity. The (24) . Upon binding of oxygen to a given subunit within the tetramer small changes in tertiary structure occur (2) , and these are propagated into the a1'132 intersubunit contact region of the molecule. The resulting local structure changes within this intersubunit contact region give rise to the free energies that constitute cooperativity (14) . This regulatory energy is controlled by binding events at the heme sites. X-ray studies show that within each of the contacts al/32 or a2f31 the ligation-induced structure changes occur primarily in two "subcontact" regions-the aFG-(8c helix and the ,FG-ac helix (2) . Evidence from NMR studies (25) and thermodynamic work (26) indicates that oxygenation is accompanied by transitions involving more than two energetically significant structural forms; thus the changes in intersubunit contacts are not concerted [i.e., as in the MonodWyman-Changeux model (16)].
The model described in this paper does not distinguish between opposing views as to just which residues are responsible for the Bohr effect (cf. refs. 5, 21, 22, and [27] [28] [29] [30] . Rather it provides a unifying framework for understanding the relationships between Bohr proton release and the other molecular processes regardless of the exact source of the protons.
Whereas assembly of two deoxygenated al,81 dimers into a tetramer leads to a decrease in oxygen binding affinity, the assembly of a triliganded tetramer (from a doubly liganded dimer and a single liganded dimer) leads to an increased affinity for binding oxygen at the vacant site. This phenomenon is called quaternary enhancement (8, 9, 15) . Specific Assumptions. (i) A subunit may assume either of two tertiary forms. When oxygen is bound the subunit assumes the "ligated tertiary structure"; otherwise it has the "unligated tertiary structure." The free energy of binding an oxygen to a subunit (a or (3) is defined to include the free energy of tertiary change for that subunit, thus incorporating the energetic contribution of the tertiary Bohr effect (assumption vi-b below).
(ii) Hemoglobin tetramers exist in two quaternary forms, which we designate the "deoxy quaternary state" and the "oxy quaternary state." The free energies of these states are defined relative to the free energy of oxygenated dimers, which are used as a reference species. The free energy difference between the oxy and deoxy states includes the free energy of the quaternary Bohr effect (assumption vi-a below).
(iii) When a tetramer is in the deoxy quaternary state, a ligated subunit suffers an unfavorable free energy ofquaternary enhancement.
(iv) When a tetramer is in the oxy quaternary state, each unligated subunit suffers an unfavorable free energy of quaternary enhancement.
(v) Ligation-sensitive noncovalent interactions between pairwise subunit contacts al132, a2 (31, and 
QUANTITATIVE FORMULATION
Here we list the principal relationships used for "translation" of the model parameters into the model-independent thermodynamic parameters. The statistical thermodynamic methods we used have been described (12) . The equilibrium binding constants for i ligands reacting with unliganded tetramer are given by K4i 4"i s40 [1] where 64i is the subsystem partition function for tetramers with i ligands bound 64i = I gi exp(-Gij/RT). i [2] In Eq. 2 Gij is the free energy of configuration] with i ligands bound relative to the reference species-unligated dimers.
Gij is the sum of all energetic contributions to a given statei.e., the number of interactions of a given type times the free energy of that interaction, summed over each of the types of interactions. gij is the degeneracy of energy Gj. R is the gas constant and T is the absolute temperature.
The probabilities of microscopic states among tetramers with i ligands bound are: gij exp(-Gij/RT) f4i [3] Relationships similar to those of Eqs. 1-3 hold for dimers. The equilibrium constant for dimer-tetramer assembly in the unligated species is given by: -K2 = 40 2 ' [4] (24) . These data, in combination with the oxygen binding isotherms, were analyzed (15) to obtain the pH dependence for the various steps of the linkage between subunit assembly and oxygen binding by dimers and tetramers. From these results the numbers of protons released at each stage of oxygenation were determined. These are given in Table 1 . The tetramer Bohr effect (over all four steps) was in close agreement with the differential titration data of Antonini et al.
(31).
We fit the raw experimental data points to the mathematical functions of the model by a nonlinear least squares procedure, described elsewhere (12, 32, 33) . In carrying out the analyses we imposed the following constraints on the fitting process.
(i) For each pH, we assumed the experimentally determined dimer Bohr effect to be a measure of the tertiary Bohr effect. We therefore calculated the quaternary Bohr effect for tetramers at each oxygen binding step as the difference between numbers of protons released by the tetrameric species and the numbers released by the dimeric species. Then the fractional change in the resulting quaternary Bohr effect was taken as a measure of the fractional change in quaternary structure at each oxygenation step.
(ii) We constrained the ratio of probabilities of binding oxygen by the a and 8 chains to be 1.0 ± 0.05 in the range between zero and half-saturation of tetramers, in accord with the results of NMR determinations (34, 35) . xiii) At pH 7.4 the change in quaternary structure with fractional saturation of tetramers Y4 was constrained to be linear to within 5% between Y4 = 0 and Y4 = 0.5, in accord with results of NMR determinations (34) .
(iv) We constrained the relative values of pairwise subunit interaction energies. For each quaternary state the ratio of the pairwise interaction energy when neither member of the pair is ligated to that when a single member is ligated is the same for both kinds of interaction ca and 8",.
(v) The value chosen for QE was based on experimental determinations (8, 9, 15) .
RESULTS AND DISCUSSION
We found that the new model was capable of fitting the experimental data over the entire pH range on the basis of (i) comparison of the variance of fit with the variance found in determining the thermodynamic constant at each pH (15) , (ii) randomness in the distribution of residuals to the best fit, (iii) cross-correlation between the fitted parameters, and (iv) comparison between values of the thermodynamic constants calculated by using the best-fit model parameters and the error limits of their values obtained from fitting the same data for the thermodynamic constants alone.
For all of the data sets analyzed it was possible to obtain fits in which the model parameters had physically reasonable values. Representative values are given in Table 2 . The observed shifts by several kilocalories in quaternary interaction parameters (i.e., 8deoxy) over a narrow pH range reflect the highly cooperative nature of the molecular transitions. These net energetic terms are undoubtedly the resultant of many larger interaction energies that mostly cancel.
On the basis of these analyses, we used the model to predict the populations of states for the various microscopic forms of the tetramer. Representative examples of the dominant states are given in Fig. 2 for the distributions at pH 7.4 and 8.5. We note that this model prescribes a major fraction (as much as 30%) of quaternary structure change upon binding of the first oxygen molecule. This distribution is a necessary correlate of the synchronization of Bohr proton release with quaternary structure change. Such a distribution of qua- (16) is a case in point. Analysis of the same data at pH 7.4 as in the present work yielded the result that less than 1% of singly ligated tetramers have an altered quaternary structure (11) . The percentage contribution of quaternary structural forms is given in Fig. 3 as a function of ligation state and of total saturation for pH 7.4 and 8.5. While the trends are similar, a significant contribution of the oxy quaternary form to the unligated species is shown for pH 7.4 but not at pH 8.5. Conversely, a distinct contribution of the deoxy quaternary form to the fully ligated state is indicated by the analysis of the pH 8.5 data but not at pH 7.4. The effect through the oxygenation curve is shown in Fig. 3B where the same percentage contribution is plotted against extent of saturation. Fig. 4 shows the relative contributions of a and 3chains in the oxygenation process at pH 7.4 and pH 8 effect through the oxygenation curves is shown in Fig. 3B , where the same quantity is plotted against extent of saturation. The solid line (pH 7.4) is linear and indicates equal contribution of a and 3chains, whereas the broken line is significantly curved and represents total contribution of a chain binding, which drops to as low as 40%. While this is illustrated only for the pH 8.5 data, this trend is exhibited in all data analyzed for pH values higher than 7.4.
The model that has been developed here correlates an immense body of experimental results and provides a framework for a more precise understanding of the regulatory mechanism in human hemoglobin. Consistency with a wide range of data is essential but does not, in itself, provide verification of a model. By contrast, tests that lead to altering a model's fundamental assumptions may contribute even more to the eventual understanding of mechanisms. The model developed here makes a number of predictions, as illustrated in Figs. 1-4 . A number of these can be tested-e.g., by extended NMR studies of the fractional saturation of a and (3chains (34, 35) and the fractional quaternary structure change (33, 34) . Within the framework provided by this model, a more rigorous set of rules may be incorporated for the pairwise subunit interactions. There is now a very good prospect that such information will be obtainable from studies currently under way (26 (7, 12) analyzed by methods described previously (12) to yield model parameter free energies in kcal: Q, for quaternary structure change; S for salt bridge formation; K'and Kit, the intrinsic subunit oxygenation constants; pK' and pK'3, the acid pK values for Bohr groups on a and /3 subunits, respectively. Modelindependent parameters used in the fits were: 0AG2 = -14.43 and e = Sp = -8.405 kcal (7) . binding, as well as mutant and chemically modified hemoglobins. These further developments and tests of the model will be described elsewhere.
ADDENDUM
We cannot be certain that no set of parameters could be found that would bring the Szabo-Karplus model into correspondence with the experimental data. The model is plagued by innumerable local minima, precluding a unique fit (12, 23) . The best parameter set reported appears to be that presented very recently by Lee and Karplus (36) given in Table  3 (case 1). We have analyzed this parameter set by comparing it to the actual published data of Mills et al. (7, 12) rather than the simulated data used by Lee and Karplus (36) . The resulting true sample variance is given in Table 3 . We further tested the ability of this parameter set to predict the tetramer Bohr effect, and the results are shown as the solid line of Fig.  5 . For comparison we show the experimental data points obtained by us (15) under identical buffer conditions and temperature as the pH 7.4 data (7). Differential titration data of Antonini et al. (31) are also shown. The two sets of experimental values, which virtually coincide, are in sharp disagreement with the prediction of the Szabo-Karplus model. Thus the analysis of the minimum recently reported by Lee and Karplus (36) reinforces the earlier conclusion (12) 
